Cu doped CdS nanophosphors were fabricated through Langmuir-Blodgett route for the first time. Precursors mixed Langmuir-Blodgett multilayers of cadmium arachidate-copper arachidate were used to grow doped sulfide nanoparticles within the organic matrix through postdeposition treatment with H 2 S gas. Changes in composition and layered structure of precursor multilayers were studied using Fourier transform infrared and x-ray reflection. Uptake of Cu in the multilayers was analyzed by inductively coupled plasma atomic emission spectroscopy measurements. Unannealed H 2 S exposed multilayers containing CdS nanoparticles show strong surface state emission centered at ϳ570 nm, whereas Cu doped CdS nanoparticles show orange-red luminescence. Photoluminescence ͑PL͒ spectra of annealed-Cu doped CdS nanoparticles show distinct Cu-related emission compared to annealed-undoped CdS nanoparticles. Power dependent PL measurements of annealed samples show that an efficient carrier recombination takes place at T 2 level of Cu ++ . The carrier relaxation from the excitonic states to T 2 level results in the strong orange-red luminescence.
I. INTRODUCTION
Semiconductor nanophosphors, especially sulfides, doped with transition metal ions and rare earth ions, have been studied extensively because of their excellent luminescence properties. The doping of these nanomaterials with suitable transition metal impurities 1-5 such as Mn, Cu, and Co and rare earth metals 6 such as Er and Tb opens up the possibility of forming a new class of nanophosphors, whose optical properties differ from the corresponding host nanomaterials. [7] [8] [9] [10] These dopants form deep trap levels and act as luminescence centers. The doped nanomaterials have potential applications in optoelectronic light emitting diodes. [11] [12] [13] Visible light emission of various colors with long term stability can be achieved by doping. Zinc sulfide, being a wide band gap material, has been studied extensively with various transition metal dopants.
1,2, 5 In comparison, CdS has been explored less, although there have been a few reports on Mn doped CdS and even fewer reports on Cu doped CdS. Green-yellow-orange luminescence has been observed in Mn doped CdS ͑Refs. 7 and 14͒ and orange-red luminescence in Cu doped CdS. 15, 16 Doped semiconductor chalcogenide nanocrystals have been synthesized usually through colloidal chemical approach.
2, 4, 6 However, in this approach, there has always been a need for a suitable capping agent to prevent aggregation and provide surface passivation. Langmuir-Blodgett ͑LB͒ technique has been extensively used for preparing quantum sized nanoparticles of sulfides, selenides, and tellurides and most of the work has been reviewed. 17 Using this approach, typically, precursor LB multilayers of cadmium arachidate ͑CdA͒, 18 zinc arachidate ͑ZnA͒, 19 and mixture of CdA-ZnA ͑Ref. 20͒ were exposed to H 2 S, resulting in the formation of sulfide nanoclusters within the LB matrix. In these earlier studies, extensive work has been carried out using a variety of spectroscopic and microscopic techniques to understand the growth process of sulfide nanoparticles as a function of the duration and extent of sulfidation. The presence of layered structure and molecular order in LB multilayers is found to assist in achieving a certain degree of control over size, shape, and size distribution of nanoparticles. The possibility of depositing organic-inorganic nanocomposites with molecular level thickness control has potential applications in fabrication of novel nanostructured devices. Despite the suitability of this approach for the fabrication of semiconductor chalcogenide nanoparticles, the LB route has not been explored to form doped chalcogenide nanoparticles.
In the present work, mixed LB multilayers of two different metal arachidates were used as precursors to obtain doped sulfide nanoparticles within the organic matrix. Small molar fraction of CuCl 2 was added to the subphase solution consisting of predominantly CdCl 2 , in order to transfer CdACuA mixed LB multilayers. These mixed multilayers were exposed to H 2 S gas to form Cu doped CdS nanoparticles within the arachidic acid matrix. Growth of these doped nanoparticles and their optical properties were investigated through UV-visible ͑VIS͒ and photoluminescence measurements. Photoluminescence spectra of the doped nanoparticles show a strong Cu-related orange-red luminescence. This is the first report on the preparation of doped sulfide nanoparticles using the LB approach. 5 were used in the subphase. The subphase pH was adjusted to 6.0Ϯ 0.1 and the subphase temperature was kept at 10Ϯ 1°C throughout the experiment. 15 and 25 ML were transferred on CaF 2 and quartz substrates for Fourier transform infrared ͑FTIR͒ and x-ray reflection ͑XR͒ studies, respectively, and 51 ML on quartz substrates for UV-VIS and photoluminescence ͑PL͒ measurements. LB multilayers were exposed to H 2 S gas typically for 1 h for the formation of chalcogenide nanoparticles, as has been described in detail elswhere. 18 Annealing of the multilayers was carried out at 100°C in air in a quartz furnace for 30 min.
FTIR spectroscopy of as-deposited multilayers was carried out with a Perkin-Elmer Spectrum One instrument. X-ray reflection measurements were carried out using Philips X'pert Pro diffractometer with Cu target ͑K␣ line͒. UV-VIS absorption spectra were recorded using Shimadzu UV-160A spectrophotometer. Jobin-Yvon HR460 monochromator and Kimmon He-Cd laser ͑ = 325 nm͒ were used for PL studies. Inductively coupled plasma atomic emission spectroscopy ͑ICP-AES͒ Plasmalab model 8440 was used to measure Cu concentration in the multilayers after dissolving in dilute HCl.
III. RESULTS
The chemical changes and the CuA content in all the as-deposited LB multilayers ͑predominantly CdA, hence to be referred as such͒ were monitored by FTIR measurements. FTIR spectra of as-deposited CdA multilayers with different CuA contents are shown in Fig. 1 . The as-deposited CdA multilayer exhibits the antisymmetric stretching vibrational band of carboxylate ͑COO − ͒ group at ϳ1545 cm −1 , which is usually observed for divalent fatty acid salts. 21 The doublet at 1464 and 1472 cm −1 is characteristic of CH 2 scissoring vibrations in CdA multilayers having orthorhombic subcell packing with two molecules per unit cell. 21 Addition of 0.5 mol % Cu to the subphase of CdCl 2 ͑molar ratio of Cd ++ :Cu ++ = 99.5: 0.5͒ shows the presence of COO − band as well as CH 2 scissoring band of CdA, along with an additional hump at ϳ1588 cm −1 . This hump becomes prominent when the Cu concentration in the subphase becomes equal to or more than 1 mol % ͑molar ratios of Cd ++ :Cu ++ =99:1, 97:3, and 95:5͒. At 1 mol % Cu, the characteristic doublet of CH 2 scissoring band changes to a singlet and is centered at ϳ1469 cm −1 . The band at 1588 cm −1 is assigned to the asymmetric stretching vibrations of COO − group of CuA. 22 At higher Cu concentrations, the asymmetric stretching vibrational band of COO − of CuA becomes stronger. The FTIR spectrum of a pure CuA multilayer is also shown in Fig. 1 for comparison.
The changes in layered structure of pure as well as mixed multilayers in the as-deposited state were studied using XR measurements. As shown in Fig. 2 , the XR patterns of pure CdA, pure CuA, and mixed CdA-CuA multilayers show third and higher order Bragg reflections, which indicate the presence of a well ordered layered structure in the mul- tilayers. Up to 0.1 mol % Cu in the subphase, the layered structure of CdA multilayer remains unchanged. The multilayers with higher than 0.5 mol % Cu are significantly affected by the presence of CuA, as the Bragg peaks are shifted gradually toward those of pure CuA, with the increase in CuA content. However, for all the multilayers, a single layered structure was observed. The presence of a single layered structure in the mixed multilayers indicates the molecular level mixing of CdA and CuA.
Cu and Cd concentrations in the H 2 S exposed multilayers were measured by ICP-AES. A plot of the measured atomic fraction of Cu ͓Cu/ ͑Cu+ Cd͔͒ in the multilayer with the Cu concentration in subphase is shown in Fig. 3 . It is seen that the Cu atomic fraction in multilayer is much higher than the corresponding molar concentration of Cu in subphase. For 0.5 and 1 mol % Cu in subphase, the multilayers contain ϳ15 and 30 at. % Cu, respectively. In view of the high uptake of Cu in the multilayer, only up to 0.1 mol % Cu in the subphase has been added for the preparation of Cu doped CdS. It may be noted that the FTIR and XR results together indicate the absence of a separate copper arachidate phase in the multilayers deposited with 0.1 mol % Cu or less in subphase. Hence, the sulfidation of these multilayers is expected to result in the formation of Cu doped CdS. Though the actual Cu fraction in these multilayers is expected to be only a few at. %, for convenience, the doped samples will be referred to by denoting the corresponding molar concentrations of Cu in the subphase.
Earlier studies on the formation of CdS, ZnS, and Cd x Zn 1−x S nanoparticles [18] [19] [20] using the same approach have shown that the conversion of arachidate salt to arachidic acid and the formation of sulfide nanoparticles begin to take place within the first few minutes of H 2 S exposure of precursor LB multilayers and reaches saturation in 2 -3 h. Although the layered structure of the multilayers is progressively disturbed with increasing duration of H 2 S exposure, it remains preserved until about 1 h of H 2 S exposure. Further, annealing studies 23 have shown that the layered structure as well as the chemical composition are not significantly affected by annealing up to a temperature of ϳ100°C. Based on these inputs, in the present work, the CdA-CuA precursor multilayers deposited with 0.1 mol % Cu or less in subphase were exposed to H 2 S gas for 1 h and annealed at 100°C. Undoped and doped CdS, thus, formed in the arachidic acid matrix were investigated using UV-VIS and photoluminescence measurements. Figure 4͑a͒ shows the UV-VIS spectra of CdA multilayers after 1 h H 2 S exposure. For the H 2 S exposed CdA multilayer, an enhanced absorption below 450 nm and a weak broad hump at around 380 nm ͑ascertained by the corresponding derivative spectrum͒ are observed in the absorbance spectrum. The absorption onset ͑ϳ450 nm͒ is clearly blueshifted with respect to the bulk absorption edge of CdS ͑515 nm͒. The hump at ϳ380 nm is attributed to excitonic absorption of CdS. 24 The blueshift of the absorption onset and the presence of excitonic hump are indicative of quan- 
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tum confinement effects, associated with the formation of CdS nanoparticles within LB multilayers. Similar features are observed in UV-VIS absorption spectra of 0.05% and 0.1% Cu doped CdA multilayers. The effect of thermal annealing on UV-VIS absorption spectra of undoped as well as Cu doped CdS was studied by heating the H 2 S exposed samples at 100°C. The UV-VIS absorption spectra of the annealed samples are shown in Fig.  4͑b͒ . A significant improvement in the sharpness of the excitonic absorption of undoped CdS is clearly seen due to annealing. This excitonic absorption is also redshifted ͑to ϳ400 nm͒ with respect to the excitonic absorption of the unannealed sample ͓Fig. 4͑a͔͒. The observed redshift in the UV-VIS absorption spectra is indicative of particle growth during the annealing process. Similar effects due to annealing were observed for the 0.05% and 0.1% Cu doped samples. However, in the case of the doped samples, the excitonic absorption is less sharp and shows a smaller redshift ͑to ϳ390-395 nm͒ due to annealing. The smaller redshift seen in doped CdS compared to undoped CdS indicates the hindered growth of CdS nanoparticles in the doped samples, during the annealing process.
Photoluminescence spectra of these samples before and after the annealing process are shown in Fig. 5 . Figure 5͑a͒ shows PL spectra of undoped as well as doped CdS samples after 1 h H 2 S exposure. Undoped CdS sample shows a strong broad emission in the range of 450-750 nm centered at ϳ570 nm along with a shoulder at ϳ430 nm. The strong broad emission is attributed to carrier recombination due to surface states of CdS nanocrystals formed within the organic matrix. Earlier studies on CdS nanoparticles [25] [26] [27] [28] have also shown the existence of a broad emission in this range, which is attributed to recombination of trapped charge carriers at surface defects. The shoulder at ϳ430 nm is attributed to the excitonic emission of CdS nanocrystals. 26 In the doped samples, the excitonic emission remains almost at the same position as in the undoped CdS, but the strong broad emission shifts toward longer wavelengths, compared to that of undoped CdS. For the doped CdS, the width of the broad emission also becomes larger than that in undoped CdS. Similar redshifted broad emission was observed by Wuister and Meijerink for Cu doped CdS quantum dots. 25 The broad emission in the doped samples is, thus, attributed to the effect of Cu doping in CdS nanoparticles and the larger width indicates the possible overlap of Cu-related luminescence with the surface state luminescence of undoped CdS.
Luminescence spectra of annealed samples are presented in Fig. 5͑b͒ , which show significantly different and interesting features. Undoped CdS shows a much stronger excitonic emission at ϳ430 nm along with a relatively weak broad emission centered at ϳ570 nm due to surface states. The stronger excitonic emission of undoped CdS compared to surfaces state emission is in contrast to the emission spectrum of undoped CdS before annealing ͓as seen in Fig. 5͑a͔͒ , where surface state emission was dominant, compared to excitonic emission. This suggests that the surface states related to defects are annealed out to a large extent. For the Cu doped CdS samples, the emission spectrum is very different from that of the corresponding undoped sample. A strong luminescence centered at ϳ680 nm is seen to dominate in both cases of doped samples, with practically negligible surface state emission. This luminescence band centered at ϳ680 nm is attributed to Cu-related luminescence centers. Similar observations of Cu-related luminescence at ϳ700 nm in Cu doped CdS have been reported. 15, 16 It is also found that for both doped samples, the excitonic emission is much weaker compared to the Cu-related emission. However, there is a gradual blueshift of the excitonic emission with increase in Cu concentration, as shown in Fig. 5͑b͒ . This feature is similar to that observed in the UV-VIS spectra of the annealed samples ͓Fig. 4͑b͔͒. Since copper sulfide has a lower band gap compared to CdS, any possibility of alloy formation which can give rise to this blueshift is ruled out. It is, thus, inferred from both absorption and luminescence FIG. 5 . PL spectra ͑a͒ after 1 h H 2 S exposure and ͑b͒ after annealing at 100°C. The curves represent undoped CdS ͑-͒, 0.05% Cu doped CdS ͑---͒, and 0.1% Cu doped CdS ͑·····͒.
studies that the presence of Cu ͓1-2 atomic fraction ͑%͔͒ in the doped samples causes restriction to the growth of CdS nanoparticles during the annealing process, resulting in smaller particle size of CdS in the annealed-doped samples.
In order to probe the Cu-related orange luminescence, excitation power dependent photoluminescence measurements of annealed samples have been carried out. Power dependent photoluminescence measurements of annealed samples of both doped and undoped CdS show a very different behavior, as shown in Fig. 6 . For undoped CdS, the strong excitonic emission as well as the surface state emission increase with increase in excitation power. It is, however, noticed that with the increase in excitation power, the enhancement of excitonic emission is much stronger than the emission due to surface states. The power dependent emission spectra of 0.05% Cu doped CdS, however, show a very different behavior compared to those of undoped CdS. In this case, with the increase in excitation power, the Cu-related emission enhances much more strongly, as compared to the excitonic emission. However, for the 0.1% Cu doped CdS, with increase in excitation power, the increase in Cu-related emission is again much less compared to the corresponding increase in the case of 0.05% Cu doped sample.
IV. DISCUSSION
Based on the above results, a model for the emission mechanism in undoped and Cu doped CdS is proposed and discussed below. The corresponding energy level scheme is depicted in Fig. 7 .
Photoluminescence spectrum of undoped-annealed CdS sample shows excitonic emission at ϳ430 nm ͑ϳ2.9 eV͒ and a broad surface state related emission at ϳ570 nm ͑ϳ2.2 eV͒. The nanoparticles may, thus, be considered to have an excitonic energy gap of ϳ2.9 eV, as shown in Fig.  7 . The width of the excitonic emission is attributed to a distribution of particle sizes. The broad emission centered at ϳ570 nm is attributed to carrier recombination at surface states in the CdS nanoparticles, as mentioned earlier. The surface states in CdS could be due either to sulfur vacancies or cadmium vacancies depending on the availability of the cations or anions. 29 In the present work, the growth of CdS nanoparticles takes place at room temperature through postdeposition treatment of precursor multilayers of CdA with H 2 S gas, which acts as the source of sulfur. During the room temperature sulfidation process, there is an unlimited availability of H 2 S gas, while there is a limited local availability of Cd at the bilayer interfaces of CdA multilayers, where the CdS nanoparticles are formed. This rules out the possibility of sulfur vacancies at the surface of the CdS nanoparticles and it is more likely that the surface states result from Cd vacancies. The surface states due to Cd vacancies can act as hole trap states. 29 Hence, the broad emission at ϳ570 nm is attributed to relaxation of carriers from the excitonic states to the surface trap states, which can be assumed to be located at ϳ2.2 eV below the excitonic state ͑first electron-hole state͒, as shown in Fig. 7 . This implies that the trap states due to cadmium vacancies are located at ϳ0.7 eV above the ground state, also shown in Fig. 7 . This is in reasonable agreement with earlier reports that the states due to Cd vacancies in CdS lie in the range of 0.25-1 eV above the valence band edge. [30] [31] [32] The broad surface state emission indicates that the surface states also have a finite distribution due to the size variation of nanoparticles. 33 The PL results of annealed-Cu doped CdS show that Cu-related emission is centered at ϳ680 nm ͑ϳ1.8 eV͒. The Cu-related emission may be attributed to the relaxation of carriers from excitonic states of host CdS to the T 2 level of Cu, which in such a case would lie at 1.1 eV above the ground state. The observed energy level matches well with the reported value for the acceptor level in Cu doped CdS. This acceptor level has been assigned to the T 2 level in tetrahedrally coordinated Cu in CdS. Further, on the basis of density functional electronic structure calculations, it has been reported that substitutional Cu in CdS, formed under sulfur rich conditions, generates an acceptor level with low formation energy. 35 It may also be noted that the ionic radius of four-coordinated ͑square planar͒ Cu ++ is 0.57 Å, which is smaller than the value of 0.78 Å for four-coordinated Cd ++ . 36 On the basis of the above statement, it is reasonable to infer the formation of tetrahedrally coordinated substitutional Cu in CdS and attribute the strong orange-red emission to relaxation from excitonic level of CdS to T 2 level of copper. Based on the above model, the following inferences can be drawn from the PL studies of undoped and Cu doped CdS nanoparticles. It was observed that unannealed CdS shows dominant surface state emission with a weak excitonic band. However, after annealing, the excitonic emission became stronger along with a drastic reduction of surface state emission. This is attributed to reduction in surface defects due to annealing. The unannealed-Cu doped CdS showed a broad emission band on the longer wavelength side. The large width of the broad emission in doped samples is attributed to the contribution from Cu luminescence centers along with the surface states. The contribution from Cu luminescence centers is much more prominent and distinctly seen in Cu doped CdS after annealing.
The proposed transition mechanism is further confirmed by the power dependent PL studies of annealed-doped samples. In the case of annealed-undoped CdS, with increase in excitation power, the enhancement of excitonic emission is much stronger compared to surface state emission. However, for 0.05% Cu doped sample, the Cu-related emission enhances much more strongly compared to its excitonic emission. This is attributed to efficient nonradiative relaxation from T 2 level to the ground state, directly as well as through acceptor states due to Cd vacancies. This, in turn, reduces the excitonic emission as well as surface state emission of the host CdS. In comparison, for 0.1% Cu doped CdS, the enhancement of Cu-related emission is much less compared to its excitonic emission. In this case, although efficient carrier transfer can take place, the quenching of Curelated emission is possible due to nonradiative transitions with increase in Cu concentration in CdS.
V. CONCLUSIONS
Cu doped CdS nanophosphors were fabricated through Langmuir-Blodgett technique. Strong orange-red luminescence related to Cu doping was observed. The unannealed CdS nanoparticles embedded in LB multilayers show a strong surface state luminescence centered at ϳ570 nm, whereas Cu doped CdS nanoparticles show orange-red luminescence, redshifted to longer wavelengths compared to surface state emission of unannealed CdS. Annealed-Cu doped CdS shows distinct Cu-related emission centered at ϳ680 nm, compared to annealed-undoped CdS. Power dependent PL measurements of annealed samples show that a more efficient carrier recombination occurs at T 2 level of Cu ++ than at surface states ͑acceptor states due to cadmium vacancy͒ of host CdS. Thus, the carrier relaxation from the excitonic states to the T 2 level results in the strong orangered luminescence, suppressing the excitonic emission as well as surface states emission. 
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